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Treatment of the diethyl ester of o-phenylenebis(oxamic acid) (opbaH2Et2, 1) with 5/6 equivalent of
MeNH2 in abs. EtOH results in the exclusive formation of the ethyl ester of o-phenylene(N′-methyl
oxamide)(oxamic acid) (opooH3EtMe, 2) in ca. 50% yield. Treatment of 2 with four equivalents of
[Me4N]OH followed by the addition of Cu(ClO4)2·6H2O gave [Me4N]2[Cu(opooMe)]·H2O (3A) in
ca. 80% yield. As 3A appears to be a hygroscopic solid, the related [nBu4N]
+ salts [nBu4N]2-
[M(opooMe)]·H2O (M = Cu (3B), Ni (4)) have been synthesized. By addition of two equivalents of
[Cu(pmdta)(NO3)2] to a MeCN solution of 3B the novel asymmetric trinuclear complex [Cu3(opooMe)-
(pmdta)2](NO3)2 (5) could be obtained in ca. 90% yield. Compounds 2, 3A, 3B, 4 and 5 have been
characterized by elemental analysis and NMR/IR spectroscopy. Furthermore, the solid state structures of
3A in the form of [Me4N]2[Cu(opooMe)]·MeOH (3A′), 3B in the form of [
nBu4N]2[Cu(opooMe)] (3B′),
4 in the form of [nBu4N]2[Ni(opooMe)]·1.25H2O (4′) and 5 in the form of [Cu3(opooMe)(pmdta)2]-
(NO3)2·3MeCN (5′), respectively, have been determined by single-crystal X-ray diffraction studies. By
controlled cocrystallization, diamagnetically diluted 3B (1%) in the host lattice of 4 (99%) in the form of
single crystals have been made available, allowing single crystal EPR studies to extract all components of
the g-factor and the tensors of onsite CuA and transferred NA hyperﬁne interaction. Out of these studies the
spin density distribution of the [Cu(opooMe)]2− complex fragment could be determined. The magnetic
properties of 5 were studied by susceptibility measurements versus temperature. An intramolecular
J parameter of −65 cm−1 has been obtained, unexpectedly, as 5 should possess two different J values due
to its two different spacers between the adjacent CuII ions, namely an oxamate (C2NO3) and an oxamidate
(C2N2O2) fragment. This unexpected result is explained by a summarizing discussion of the
experimentally obtained EPR results (spin density distribution) of 3B, the geometries of the terminal
[Cu(pmdta)]2+ fragments of 5 determined by X-ray crystallographic studies and accompanying quantum
chemical calculations of the spin density distribution of the mononuclear [Cu(opooMe)]2− and of the
magnetic exchange interactions of trinuclear [Cu3(opooMe)(pmdta)2]
2+ complex fragments.
Introduction
Bis(oxamato) CuII complexes are well-known representatives for
the rational design of discrete polynuclear complexes and coordi-
nation polymers which are speciﬁcally suitable for basic research
studies of magnetic superexchange phenomena.1 The well-
considered choice of the bis(oxamato) CuII building blocks
allows tailor-made control of both structural and magnetic pro-
perties of ﬁnal products, among which are single-molecule or
single-chain magnets as well as three-dimensional magnetic net-
works.1 For example, an already classical synthetic approach
may make use of the ﬂexidentate properties of e.g. dianionic
N,N′-o-arylenebis(oxamato)–CuII complexes (type I), which can
be reacted with one or two equivalents of partially blocked
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of 5′. Fig. S2–S5 give the 1H, 13C and IR spectra, respectively, of the
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transition metal complexes to give tri-(type II) or binuclear com-
plexes (type III), respectively, cf. Scheme 1.2–11
The structural variability of achievable polynuclear complexes
is certainly much broader compared to the examples shown in
Scheme 1. Besides one report, however, to our knowledge all of
these polynuclear complexes have generally in common N,N′-
bridged oxamates (vide infra), abbreviated as {C2NO3
2−}2, as
also shown in Scheme 1.1 By “molecular engineering”, to speak
in the words of O. Kahn in one of his pioneering contributions,12
a replacement of the Lewis-basic heteroatoms of the oxamate
bridges to less electronegative ones is possible. Indeed, Kahn
could show for binuclear complexes of the simpliﬁed type [LCu-
(C2X2Y2)CuL]
2+ (L = terminal blocking ligand, C2X2Y2
2− =
C2O4
2− (oxalate), C2O2N2
2− (oxamide), C2S2N2
2− (dithioox-
amide)) that the S–T energy gap deduced from magnetic proper-
ties increases along decreasing the electronegativity of the
heteroatoms of the C2X2Y2
2− bridge.12 The oxalato bridge and
its heteroatom-substituted analogues of [LCu(C2X2Y2)CuL]
2+
binuclear complexes closely resemble the {C2NO3
2−}2 bridges
shown in Scheme 1. Thus, replacing the oxygen atoms of
the {C2NO3
2−}2 bridges to less electronegative ones like
nitrogen and/or sulphur atoms should result in higher J coupling
between the neighbouring e.g. CuII ions in polynuclear
complexes.
In spite of the potential huge amount of type I to III com-
plexes possessing different bridges than {C2NO3
2−}2 bridges,
the number of reports of such complexes is limited,
cf. Scheme 2.13–16 Furthermore, only for one heteroatom-
substituted type II complex, namely [Ni(edo){Gd[HB(pz)3]2}2]
(edo = ethylenebis(oxamidato), HB(pz)3
− = hydrotris(pyrazol-
1-yl)borate), magnetic measurements are reported.16 The central
metal ion of that complex is, as well as of the other trimetallic
complexes, shown in Scheme 2, a diamagnetic NiII ion in a
planar coordination environment. Therefore, no magnetic
exchange coupling could be observed.
In order to investigate the possible inﬂuence of heteroatom-
substituted bis(oxamates) on the magnetic exchange coupling of
the corresponding trinuclear transition metal complexes we
report here on the replacement of one OEt group of diethyl
o-phenylene-bis(oxamate) (1, opbaH2Et2)
17 by a NHMe group
to obtain the ethyl ester of o-phenylene(N′-methyloxamide)-
(oxamic acid) (opooH3EtMe, 2),
18 cf. Scheme 3.19
From 2 both the CuII and NiII complexes (3 and 4, respecti-
vely, Scheme 3) have been synthesized. By using complex 3
one representative trinuclear complex was prepared, namely
complex 5, cf. Scheme 3.
From continuous wave Electron Paramagnetic Resonance
(EPR) studies of 3 in the host lattice of 4 the spin density
Scheme 1 Chemical structures of all crystallographically characterized monometallic CuII complexes possessing N,N′-o-arylenebis(oxamate) frag-
ments (type I) and of corresponding tri- (type II) and binuclear (type III) complexes obtained thereof. Further coligands and/or coordinated anions at
the metal atoms are not shown for clarity.
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distribution of 3 should be determined. Magnetic susceptibility
studies of 5 should reveal two different J parameters, according
to Kahn.12 Due to the asymmetric nature of 3 and 5,
cf. Scheme 3, these two complexes are interesting and valuable
candidates to study the interplay between the spin density distri-
bution of mononuclear 3 and the J parameters of the correspond-
ing trinuclear 5. A direct proportion between both physical
parameters has been already assumed.20 We report here on
these studies together with accompanying quantum chemical
calculations for reinforcement of experimentally obtained data.
Results and discussion
Synthesis
For the synthesis of the precursor 2, cf. Scheme 3, a solution of
one equivalent of opbaH2Et2 (1)
17 in abs. EtOH was treated with
5/6 equiv. of MeNH2 forming a colourless precipitate. After iso-
lation, the precipitate has been found to be pure 2 (Fig. S1 and
S2†). When working in MeOH and using 2/3 equiv. of MeNH2
a colourless precipitate is formed as well, however, it is not of
the same identity of 2 but represents a mixture of at least two
different components.19
The precursor 2 was treated, according to Ruiz et al.,13 with
four equivalents of [Me4N]OH in MeOH and afterwards with
one equivalent of Cu(ClO4)2·6(H2O), giving rise to the isolation
of 3 in the form of [Me4N]2[Cu(opooMe)]·H2O (3A). As 3A is
hygroscopic, as already described by Ruiz et al.,13 the [nBu4N]
+
salts of both 3 and 4 were synthesized. Therefore, gently heated
solutions of [Cu2(OAc)4(H2O)2] or [Ni(OAc)2(H2O)4], respecti-
vely, in MeOH were added to a suspension of one equivalent of
2 in MeOH at 50 °C. Afterwards, four equivalents of [nBu4N]-
OH were added and the reaction mixture was stirred for 15 min
at elevated temperature. After workup, the [nBu4N]
+ salts of
3 and 4, respectively, were isolated in the form of [nBu4N]2-
[M(opooMe)]·H2O (M = Cu (3B), Ni (4)) as non-hygroscopic
solids, allowing easy handling. To our knowledge related type I
complexes, cf. Scheme 1, are usually synthesized as described
here for 3A, that is, the precursor is treated ﬁrst with four equiva-
lents of OH− followed by the addition of the desired transition
metal salt. Trials to prepare 3B and 4, respectively, by such a
reaction sequence did not result in the formation of these com-
plexes. The synthesis of 5 proceeds conveniently by the addition
of a MeCN solution of two equivalents of [Cu(pmdta)(NO3)2] to
a MeCN solution of one equivalent of 3B to give [Cu3(opooMe)-
(pmdta)2](NO3)2 (5). Single crystals of 3A, 3B, 4 and 5, respecti-
vely, were grown as described in the Experimental section.
X-ray investigations
The solid state structures of 3A in the form of [Me4N]2[Cu-
(opooMe)]·MeOH (3A′), 3B in the form of [nBu4N]2[Cu-
Scheme 2 Chemical structures of all crystallographically characterized monometallic (left, type I-N4O4 and I-N4S4) and trimetallic (right, type
II-N4O4) complexes possessing heteroatom-substituted bis(oxamidato) fragments.
Scheme 3 Principal synthetic strategy to achieve the trinuclear oxamato/oxamidato complex 5 together with the chemical structures of required start-
ing compounds.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 14657–14670 | 14659
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(opooMe)] (3B′), 4 in the form of [nBu4N]2[Ni(opooMe)]·
1.25H2O (4′) and 5 in the form of [Cu3(opooMe)(pmdta)2]-
(NO3)2·3MeCN (5′), respectively, have been determined by
single crystal X-ray crystallographic studies. In the case of 3B′
two crystallographically independent molecules are observed
in the solid state, their dianionic complex fragments [Cu-
(opooMe)]2− are referred to in the following as 3Ba and 3Bb.21
The molecular structures of 3Ba, of the [Cu(opooMe)]2−
complex fragment of 3A′ (denoted in the following as 3A#) and
of the [Ni(opooMe)]2− complex fragment of 4′ (denoted in the
following as 4A), respectively, are shown in Fig. 1. The mole-
cular structure of the dicationic complex fragment of 5′, [Cu3-
(opooMe)(pmdta)2]
2+ (denoted in the following as 5A), is pres-
ented in Fig. 2. Selected bond distances, bond and torsion angles
of 3A#, 3Ba/3Bb, 4A and of the [Cu(opooMe)]2− fragment of
5A are given in Table 1, whereas Table 2 gives the data of the
terminal [Cu(pmdta)]2+ fragments of 5A. Crystal and structural
reﬁnement data of 3A′, 3B′, 4′ and 5′ are summarized in
Table 3.
A common feature of 3A#, 3Ba and 4A, respectively, is the
coordination of the opooMe4− ligand to the transition metal ions
by the three deprotonated amido nitrogen atoms N1–N3 and the
carboxylato oxygen atom O4, forming planar MN3O (3A#, 3Ba:
M = Cu1. 4A: M = Ni1) coordination units, cf. Fig. 1. The metal
ions are located 0.006(2) Å (3A#), 0.001(2) Å (3Ba) and
0.031(1) Å (4A), respectively, above/below calculated mean
planes of the atoms N1–N3 and O4 with root mean square devi-
ation (rmsd) from planarity of 0.006 Å (3A#), 0.064 Å (3Ba)
and 0.031 Å (4A), respectively. The planarity of the MN3O
coordination units is indicated further by the sum of the four
bond angles around the metal ions of 360.01(24)° for 3A#,
360.24(32)° for 3Ba and 359.98(13)° for 4A, respectively.
As observed and discussed for the related type I complexes,
cf. Scheme 1,2c a unique feature of planar complexes possessing
Fig. 1 ORTEP diagram (50% ellipsoid probability) of 3A# (left), 3Ba (middle) and 4A (right), respectively. Above: top view. Below: side view. For
4A disordered hydrogen atoms at C2N are omitted. The sign ∢ refers to the interplanar angle of calculated mean planes of atoms adjoining black and
grey ﬁlled areas.
Fig. 2 ORTEP diagram (30% ellipsoid probability) of 5A. All hydrogen atoms are omitted for clarity.
14660 | Dalton Trans., 2012, 41, 14657–14670 This journal is © The Royal Society of Chemistry 2012
Pu
bl
ish
ed
 o
n 
03
 O
ct
ob
er
 2
01
2.
 D
ow
nl
oa
de
d 
by
 S
LU
B 
D
RE
SD
EN
 o
n 
26
/0
3/
20
14
 1
0:
01
:3
1.
 
View Article Online
5-5-5 fused chelate rings around the respective metal ion is that
three of the bond angles are rather small (range of N1–M1–N3,
N1–M1–N2 and N3–M1–O4 is 82.19(16)° for 3Ba to 86.37(6)°
for 4A, cf. Table 1), whereas the fourth one is substantially
larger (range of N2–M1–O4 from 102.48(6)° for 4A to
109.54(16)° for 3Ba, cf. Table 1). This causes considerable devi-
ations of the MN3O environment geometries from an ideal
square plane. The three dianionic complex fragments as a whole
are not accurately planar. This is illustrated in Fig. 1 by the inter-
planar angles between the M(C2NO3) and the M(C2N2O2) units,
respectively, and by selected torsion angles given in Table 1.
Within the MN3O units of 3A#, 3Ba and 4A two different
M–N (amide) bond lengths are observed. The two M–Naryl bond
lengths (M–N1 and M–N3) for each of the three different
complex fragments are always identical, the M–NMe amide
(M–N2) bonds are always elongated compared to the M–Naryl
bonds, cf. Table 1. For example, for 3A# the M–Naryl bond
lengths amount to 1.909(3) Å and 1.916(3) Å, respectively,
whereas for the M–NMe amide bond a value of 1.922(3) Å is
observed. In the case of 4A that difference is more drastic (Ni1–
N1 = 1.8242(15) Å and Ni1–N3 = 1.8286(15) Å vs. 1.8719(16)
Table 2 Selected bond lengths (Å), angles (°) and τ parameters of the
terminal [Cu(pmdta)]2+ fragments of 5A
Unit I Unit II
Bond lengths
Cu3–O3 1.985(5) Cu2–O1 2.198(5)
Cu3–O5 2.200(6) Cu2–O2 1.978(5)
Cu3–N7 2.029(6) Cu2–N4 2.026(7)
Cu3–N8 2.002(6) Cu2–N5 2.007(6)
Cu3–N9 2.052(8) Cu2–N6 2.048(7)
Bond angles
O3–Cu3–O5 81.5(2) O1–Cu2–O2 81.7(2)
O3–Cu3–N7 92.8(2) O1–Cu2–N4 102.7(3)
O3–Cu3–N8 174.5(3) O1–Cu2–N5 103.4(2)
O3–Cu3–N9 90.8(3) O1–Cu2–N6 103.6(3)
O5–Cu3–N7 102.8(3) O2–Cu2–N4 92.0(2)
O5–Cu3–N8 104.0(2) O2–Cu2–N5 174.9(3)
O5–Cu3–N9 100.7(3) O2–Cu2–N6 92.3(2)
N7–Cu3–N8 86.9(2) N4–Cu2–N5 86.7(3)
N7–Cu3–N9 156.4(3) N4–Cu2–N6 153.6(3)
N8–Cu3–N9 87.3(3) N5–Cu2–N6 86.8(3)
τ Parameter
0.302 0.355
Table 1 Selected bond lengths (Å), bond and torsion angles (°) of 3A#, 3Ba/3Bb, 4A, 5A, and 3
3A#a 3Ba/3Bbb 4Ac 5Ad 3e
Bond lengths
M1–N1 1.909(3) 1.921(4)/1.917(4) 1.8242(15) 1.932(6) 1.957
M1–N3 1.916(3) 1.935(4)/1.923(4) 1.8286(15) 1.931(7) 1.942
M1–N2 1.922(3) 1.939(4)/1.934(4) 1.8719(16) 1.931(7) 1.965
M1–O4 1.979(3) 1.989(3)/1.967(3) 1.8840(13) 1.977(5) 1.995
C1–C2 1.542(5) 1.546(7)/1.542(8) 1.540(3) 1.520(11) 1.572
C1–N1 1.337(4) 1.338(6)/1.345(7) 1.326(2) 1.294(10) 1.345
C1–O1 1.244(4) 1.236(6)/1.249(7) 1.248(2) 1.260(9) 1.233
C2–N2 1.330(5) 1.335(7)/1.329(7) 1.331(3) 1.314(9) 1.342
N2–C2N 1.475(5) 1.448(6)/1.455(7) 1.462(2) 1.459(10) 1.445
C2–O2 1.243(4) 1.235(6)/1.255(6) 1.249(2) 1.263(9) 1.239
C3–N3 1.317(4) 1.338(6)/1.324(6) 1.337(2) 1.299(10) 1.344
C3–O3 1.256(4) 1.222(6)/1.240(5) 1.236(2) 1.257(9) 1.233
C3–C4 1.554(5) 1.567(6)/1.571(6) 1.549(3) 1.544(11) 1.583
C4–O4 1.286(4) 1.245(6)/1.285(6) 1.302(2) 1.281(10) 1.294
C4–O5 1.238(4) 1.284(6)/1.243(6) 1.223(2) 1.244(9) 1.226
N1–C5 1.415(5) 1.384(6)/1.392(7) 1.417(2) 1.368(10) 1.384
N3–C10 1.409(4) 1.341(6)/1.394(6) 1.407(2) 1.394(9) 1.388
C5–C10 1.413(5) 1.449(7)/1.421(7) 1.410(3) 1.443(11) 1.439
Bond angles
N1–M1–N3 83.24(12) 82.19(16)/83.28(17) 86.00(7) 83.1(2) 82.94
N1–M1–N2 84.71(12) 84.11(17)/84.53(18) 85.13(7) 84.6(3) 83.42
N1–M1–O4 166.87(11) 165.97(16)/167.08(16) 172.38(6) 167.6(3) 166.39
N3–M1–N2 167.92(13) 165.62(17)/167.69(18) 170.39(7) 167.3(3) 166.36
N3–M1–O4 83.63(11) 84.42(14)/83.82(15) 86.37(6) 84.9(2) 83.44
N2–M1–O4 108.43(12) 109.54(16)/108.34(16) 102.48(6) 107.6(2) 110.2
N1–C1–O1 128.1(4) 128.2(5)/127.7(6) 127.25(19) 129.3(7) 128.04
N2–C2–O2 127.1(4) 126.4(5)/126.2(5) 128.33(19) 124.2(7) 125.91
N3–C3–O3 129.8(3) 128.4(4)/130.1(4) 128.48(18) 128.6(7) 128.31
O4–C4–O5 124.4(3) 124.5(4)/124.9(4) 124.91(18) 124.2(7) 125.13
Torsion angles
C1–N1–M1–N3 175.5(3) 179.4(3)/175.9(4) −173.62(14) −175.0(6) 179.95
C3–N3–M1–N1 −177.0(3) −173.1(3)/−179.3(3) 174.67(13) −175.8(6) 179.96
N1–C1–C2–N2 2.2(4) −8.8(5)/179.4(4) −1.7(2) −3.1(11) 0.00
N3–C3–C4–O4 4.2(5) 4.5(6)/−0.7(5) −5.3(2) 5.1(10) 0.14
aM1 = Cu1. b 3Ba: M1 = Cu1. 3Bb: M1 = Cu2; corresponding data to 3Ba are given. cM1 = Ni1. dM1 = Cu1; only data of the complex fragment
[Cu(opooMe)]2− are given. eData of the geometry optimized complex fragment [Cu(opooMe)]2− are given with M1 = Cu.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 14657–14670 | 14661
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Å for Ni1–N2). That observation might indicate a greater basi-
city of Naryl compared to the NMe amido nitrogens of the
opooMe4− ligands.2c The Cu–Naryl bond lengths of both 3A#
and 3Ba ranging from 1.909(3) Å to 1.935(4) Å ﬁt otherwise to
the range observed for related bond lengths of type I complexes,
cf. Scheme 1, ranging from 1.887 Å2c to 1.931 Å2c and
dˉ = 1.896 Å. A related observation is made for the Ni–Naryl
bond lengths of 4A (1.8242(15) Å and 1.8286(15) Å), which are
comparable to those reported for the related NiII containing type
I complexes3–5 in the range from 1.797 Å5 to 1.822 Å5 and
dˉ = 1.808 Å. As usually observed for both CuII and NiII contain-
ing type I complexes, cf. Scheme 1, also in the case of 3A#, 3Ba
and 4A, respectively, the M–O (carboxylate) bond distances are
the longest of the MN3O coordination units. Compared with
the related type I complexes shown in Scheme 1 with a range
for d(Cu–O) of the CuN2O2 units from 1.925 Å
2c to 1.966 Å2c
(dˉ = 1.941 Å), the Cu1–O4 distances of 3A# (1.979(3) Å) and
3Ba (1.989(3) Å) appear signiﬁcantly longer. In contrast, the
Ni–O4 distance of 4A ﬁts to the range already observed for
related NiII containing type I complexes with d(Ni–O) of the
NiN2O2 units from 1.874 Å
5 to 1.896 Å5 and dˉ = 1.878 Å.
As shown in Fig. 2, the [Cu(opooMe)]2− fragment of 5A
remains unchanged compared to 3A# and 3Ba, respectively,
by the coordination of the two [Cu(pmdta)]2+ fragments to its
external oxygen donor atoms. The CuN3O coordination unit of
the [Cu(opooMe)]2− fragment of 5A appears, however, more
planar compared with both 3A# and 3Ba: its CuII ion is located
0.0002(33) Å above a calculated mean plane of N1 to N3 and
O4 only (rmsd from planarity = 0.049 Å) and the interplanar
angle between the Cu(C2NO3) and the Cu(C2N2O2) units,
cf. Fig. 1, amounts to 4.2° only. Moreover, the whole fragment
of the atoms C1–C10, C2N, N1–N3, Cu1–Cu3 and O1–O5
can be considered as planar with a rmsd from planarity of
0.072 Å, highest deviation from planarity observed for C9 with
0.0117(8) Å.
Related bond lengths of the [Cu(opooMe)]2− fragment of 5A
and both 3A# and 3Ba are identical within standard deviations,
related bond angles show marginal differences only, cf. Table 1.
It is, however, interesting to notice that for the [Cu(opooMe)]2−
fragment of 5A no differences between different Cu–N (amide)
bond lengths are observed: the Cu–Naryl distances (d(Cu1–N1) =
1.932(6) Å, d(Cu1–N3) = 1.931(7) Å) are almost identical to
the Cu–NMe (d(Cu1–N2) = 1.931(7) Å) distance. The Cu1–O4
distance of 5A is 1.977(5) Å, the longest one of the CuN3O unit,
as observed for 3A# and 3Ba, respectively.
A further structural feature of 5A deserves particular attention.
Some of type II and type III complexes shown in Scheme 1
possess terminal CuN3O2 coordination environments, as
Table 3 Crystal and structural reﬁnement data of 3A′, 3B′, 4′ and 5′
3A′ 3B′ 4′ 5′
Chemical formula C20H35CuN5O6 C43H79CuN5O5 C43H81.5N5NiO6.25 C35H62Cu3N14O11
Formula weight (g mol−1) 505.07 809.65 827.34 1045.61
Crystal system Orthorhombic Orthorhombic Triclinic Monoclinic
Space group Pbcn Pna2(1) P1ˉ P2(1)/n
Unit cell dimensions (Å, °) a = 39.015(2) 34.2134(10) 11.3391(3) 8.4822(8)
b = 11.2329(5) 13.3036(4) 13.9271(4) 36.854(4)
c = 11.1105(7) 19.7816(5) 15.9078(5) 15.1713(16)
α = 90.0 90.0 97.566(3) 90.0
β = 90.0 90.0 95.666(2) 97.601(10)
γ = 90.0 90.0 110.349(3) 90.0
Volume (Å3) 4869.1(5) 9003.8(4) 2306.49(12) 4700.9(9)
Measurement temperature (K) 110 115 115 110
Radiation source Mo Kα Cu Kα Mo Kα Cu Kα
Wavelengths (Å) 0.71073 1.54184 0.71073 1.54184
Z 8 8 2 4
Density (calculated) (Mg m−3) 1.378 1.195 1.191 1.477
Absorption coefﬁcient (mm−1) 0.941 1.046 0.470 2.158
F(000) 2136 3528 905 2180
Reﬂections collected 11072 30565 14819 14830
Independent reﬂections/Rint
a 4254, 0.0663 11690, 0.0376 8095, 0.0246 7316, 0.0447
Index ranges −26 ≤ h ≤ 46, −37 ≤ h ≤ 39, −12 ≤ h ≤ 13, −5 ≤ h ≤ 9,
−13 ≤ k ≤ 6, −15 ≤ k ≤ 15, −16 ≤ k ≤ 16, −42 ≤ k ≤ 41,
−12 ≤ l ≤ 13 −22 ≤ l ≤ 20 −18 ≤ l ≤ 18 −16 ≤ l ≤ 17
θ range for data collection (°) 3.02 to 25.00 3.56 to 62.68 2.92 to 25.00 3.17 to 62.17
Data/restraints/parameters 4254/64/294 11690/146/986 8095/9/514 7316/143/605
Goodness-of-ﬁt on F2 b 1.029 0.980 0.924 0.920
Final R indicesc [I > 2σ(I)] R1 = 0.0567,
wR2 = 0.1100
R1 = 0.0549,
wR2 = 0.1411
R1 = 0.0350,
wR2 = 0.0752
R1 = 0.0867,
wR2 = 0.2228
R indicesc (all data) R1 = 0.0877,
wR2 = 0.1160
R1 = 0.0634,
wR2 = 0.1452
R1 = 0.0541,
wR2 = 0.0778
R1 = 0.1271,
wR2 = 0.2427
Flack x parameter40 — −0.01(3) — —
Largest diff. peak/hole (e Å−3) 0.535/−0.518 0.773, −0.426 0.331, −0.240 1.488, −0.610
Average/maximum shift/error 0.000/0.000 0.000/0.002 0.000/0.001 0.000/0.004
a Rint = Σ|Fo
2 − Fo2(mean)|/ΣFo2, where Fo2(mean) is the average intensity of symmetry equivalent diffractions. b S = [∑w(Fo2 − Fc2)2]/(n − p)1/2,
where n = number of reﬂections, p = number of parameters. c R = [∑(||Fo| − |Fc|)/∑|Fo|); wR = [∑(w(Fo2 − Fc2)2)/∑(wFo4)]1/2.
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observed for 5a. In addition, six trimetallic CuII3-containing
N,N′-alkyl-bridged bis(oxamato) complexes22 and one N,N′-o-
benzyl-bridged representative23 have been reported, possessing
related terminal CuN3O2 coordination units. The coordination
geometries of the CuN3O2 coordination units are usually
described in terms of the τ parameter with τ = 0 for the ideal
square pyramidal (sp) and τ = 1 for the ideal trigonal bipyrami-
dal (tbp) case.24 Independent of whether the geometry is closer
to the sp or tbp case, all above mentioned CuN3O2 units possess
a large O–Cu–N angle in the range from 169.2° 4 to 178.4°,11,23
whereby the O-donor atom (Oaryl in the following) is always the
one from the O⋯C⋯Naryl function of the oxamate bridge and
the N-donor atom the middle one of the N3-tridentate terminal
ligands. A related observation is made for the CuN3O2 unit of
5A comprising the atom Cu3 (unit I) with the angle O3–Cu3–
N8 being 174.5(3)°, cf. Table 2 and Fig. 2. It is important to
state that the O-donor atoms of the carboxylate O⋯C⋯O func-
tions of the oxamate bridges (Ocarb in the following) are never
involved in the formation of the largest O–Cu–N angle of afore-
mentioned complexes.25 For the CuN3O2 unit of the “opposite
side” of 5A (unit II), the situation is different. The largest
angle around the Cu2 amounts to 174.9(3)° (O2–Cu2–N5), but
the O-donor atom (OMe in the following) is here the one from
the O⋯C⋯NMe function of the oxamidate bridge, cf. Fig 2.
For the illustration of the different types of the coordination
of the [Cu(pmdta)]2+ fragments to the [Cu(opooMe)]2− fragment
Fig. 3 displays another perspective view of the molecular struc-
ture of 5A.
The τ parameters (unit I/II = 0.302/0.355) indicate both term-
inal CuN3O2 coordination environments closer to the ideal sp
geometry. For unit I the basal plane is built of the three N-donor
atoms N7–N9 and the Oaryl atom O3, whereas the Ocarb atom O5
occupies the apical position. For unit II the basal plane is
built of the atoms N4–N6 and the OMe atom O2, the Oaryl atom
O1 occupies here the apical position. The atom Cu3 is located
0.251(4) Å above the basal plane of unit I and the atom Cu2 is
located 0.271(4) Å above the basal plane of unit II. For com-
plexes exhibiting a sp coordination environment it is “normal”
that the apically bonded donor atoms are more strongly bonded
to the metal ion compared to the donor atoms of the basal
plane,26a which is, however, not observed for units I27a and II.
Namely, the Cu–O distances Cu3–O3 (1.985(5) Å, unit I) and
Cu2–O2 (1.978(5) Å, unit II) are the shortest ones of each
coordination environment, respectively. The N-donor atom
involved in the shortest Cu–N bond of units I (d(Cu3–N8) =
2.002(6) Å) and II (d(Cu2–N5) = 2.007(6) Å),27b respectively, is
the one in trans position to the oxygen atom forming the basal
plane. The distance of these oxygen atoms from the Cu atom of
units I (Cu3–O3) and II (Cu2–O2), respectively, is then the
shortest one of both coordination environments. This observation
may agree with the order of N- and O-donor ligands in relation
to their different trans inﬂuence, where N-donor ligands exhibit
higher σ-donating properties compared to O-donor ligands.26b,28
In summary, a different identity of the oxygen atoms in
apical positions of the two CuN3O2 units of 5A is observed.
Furthermore, the τ parameters of both CuN3O2 units are differ-
ent. These structural features should have an inﬂuence on the
magnetic properties of 5′, vide infra.
EPR investigations
The isotropic EPR parameters of 3B have been obtained from
measurement in liquid solution using MeCN as a solvent with a
concentration of 1 mM. The EPR spectrum of 3B is shown in
Fig. 4 together with its simulation. The spectrum consists of four
lines due to the onsite hyperﬁne (HF) coupling of the electron
spin of CuII S = 1/2 with its own nuclear spin I (63,65Cu) = 3/2.
One can notice that at the high ﬁeld part of the spectrum further
structure is observed due to the transferred HF-coupling with the
14N nuclear spins [I(14N) = 1]. This structure is only partially
resolved due to the large linewidth of the individual components.
From the modelling of the spectrum, cf. Fig. 4, the isotropic
g-factor giso = 2.084 and the isotropic
63Cu– and 14N–HF
coupling constants Aiso
Cu = 85 G and Aiso
N = 14.5 G of 3B were
obtained, respectively.
EPR measurements in the solid phase have been carried out
on a selected single crystal of diamagnetically diluted 3B in the
host lattice of 4 (in the following that material is referred to as
3B/4). The principal values of the g-factor tensors g|| and g⊥
corresponding to the direction of the external magnetic ﬁeld B0
parallel and perpendicular to the normal n to the dianionic
Fig. 3 Top-view on the molecular structure of 5A, displaying the
different types of the coordination of the two [Cu(pmdta)]2+ fragments
to the central [Cu(opooMe)]2− fragment. All hydrogen atoms are
omitted for clarity.
Fig. 4 Experimental (E) and simulated (S) X-band EPR spectrum of
3B in MeCN (ƒ = 9.8 GHz, RT).
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 14657–14670 | 14663
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complex fragment of 3B, respectively, have been determined by
detailed measurements of the angular dependences of the EPR
spectra and are listed in Table 4.
The extent of the single crystal EPR spectrum is maximum for
B0||n [Fig. 5 (left), top]. It consists of a quartet group of lines
owing to the HF-coupling of the Cu electron spin with the
63,65Cu nuclear spin I(63,65Cu) = 3/2. Each group is further split
into multiplet of lines due to the transferred HF-coupling
with the 14N nuclear spins [I(14N) = 1] of three non-equivalent
N-donor atoms. For this orientation, the largest g value, the
largest 63Cu HF-coupling constant A||
Cu, and the three different
14N HF-coupling constants A⊥
N have been obtained by the
appropriate modelling of the EPR spectrum [Fig. 5 (left),
bottom]. The respective values are summarized in Table 4. In the
analysis the following assumption has been made; gx = gy = g⊥,
gz = g||, Ax = Ay = A⊥ < Az = A||; the A||
Cu and A||
N components
correspond to the direction of n, and the direction of the Cu–N
bond, respectively.
For B0⊥n the spectrum becomes much less resolved. As can
be seen in Fig. 5 (right) the line groups overlap because of the
smaller 63Cu HF-coupling constant A⊥
Cu. Therefore determi-
nation of the coupling parameters gets rather difﬁcult. Indeed, an
estimate of A⊥
Cu-using the relation Aiso = (2A⊥ + A||)/3 with the
known values of Aiso
Cu and A||
Cu (Table 4) yields the value of
29.5 G which is about six times smaller compared to A||
Cu.
A similar estimate of A||
N from Aiso
N and A⊥
N (Table 4) yields
the average value of 18 G. We noticed that for B0⊥n the HF
structure due to both A||
N and A⊥
N components is present in the
EPR spectrum. The simulated spectrum using A⊥
Cu = 30 G and
a trial set of the A||,⊥
N values for the three N atoms (9, 16 and
16 G) has a good agreement with the experimental one [Fig. 5
(right), bottom].
To calculate the spin density from experimentally obtained HF
coupling constants of the Cu and N atoms, we followed two
different models provided in the literature.29,30 To use the nota-
tion of Maki and McGarvey29 we assumed that the CuII ion is
surrounded by an N3O environment in a square-planar conﬁgur-
ation. The observation that g|| > g⊥ and |A||| > |A⊥| implies a B1g
ground state. The unpaired electron is obviously in the B1g level
that represents in-plane σ bonding. The relevant molecular
orbital is:
B1g ¼ αdx2y2 
α′
2
ðσ1x þ σ2y þ σ3x  σ4yÞ ð1Þ
In the molecular orbital, the superscripts of the atomic orbitals
label the ligands and the subscripts give the symmetry proper-
ties. The following expressions are used for the copper HF
constants:
Ak ¼ P k  47 α
2 þ Δgk þ 37Δg?
 
ð2Þ
A? ¼ P k þ 27 α
2 þ 11
14
Δg?
 
ð3Þ
In these expressions Pκ is the Fermi contact term with
P(63Cu) = μBgeμngn × <r
−3> = 1164 MHz, that is the dipolar HF
coupling parameter of the unpaired electron,31 and Δg||,⊥ = g||,⊥
−2.0023. The parameter α2 is a covalency parameter, which
describes the in-plane metal–ligand σ bonding. The value of α2
can be determined by using eqn (1) and the experimental Cu HF
coupling constants. The normalization condition on the ground
state B1g orbital yields
ðα 2 þ α′2  2αα′S ¼ 1Þ ð4Þ
which was used to determine α′. Here S is the overlap integral
between the dx2−y2 orbital and the normalized ligand orbitals.
The calculated values for nitrogen and oxygen are S(N) = 0.093
and S(O) = 0.076, respectively.32 For the CuII complex under
study, the α2 and (α′/2)2 values are given in Table 5. From the
Fermi contact term, the spin density on the s orbital ρN(s) = Aiso/
a0 for each of the nitrogen nuclei can be calculated.
33 Taking the
isotropic HF coupling constant for unit spin density a0 =
Table 4 Principal values of g, ACu [G], and AN [G] tensors of 3B
g⊥ g|| giso A⊥
Cu A||
Cu Aiso
Cu A⊥
N A||
N Aiso
N
2.04 2.16 2.084 30 196 85 10, 12, 16 18 14.5
Fig. 5 Experimental (E) and simulated (S) single crystal X-band EPR spectrum of 3B/4 (ƒ = 9.56 GHz, RT) for the direction of the external mag-
netic ﬁeld B0||n (left) and B0⊥n (right), where n is the normal to the plane of dianionic complex fragment of 3B. The outermost peaks on the left
panel marked with ‘*’ result from the HF interaction with the nuclear spin of the 65Cu isotope.
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1538.22 MHz33 and the experimentally determined Aiso
N =
14.5 G = 42 MHz (Table 4) we obtained ρN(s) = 0.027. This
value is in fair correspondence with the estimate of (α′/2)2
according to ρN(s) ≈ 1/3(α′/2)2.34
Furthermore, we followed the procedure of Morton and
Preston30 to obtain the spin density on the N and Cu atoms. The
63Cu nuclei have axial anisotropic HF interaction.30 A 63Cu(4s)
contribution of 0.041 can be derived as the ratio of the isotropic
HF coupling constant Aiso
Cu obtained experimentally (Table 4)
and the theoretical value A0
Cu = 5995 MHz, which is calculated
for unit spin density on the copper s orbital.30 Using the theoreti-
cal value A0
N = 1811 MHz,30 a respective spin density on the
nitrogen s orbital of 0.023 can be obtained. The spin densities on
the p and d orbitals are proportional to the dipolar HF coupling
constant Adip = Aiso − A⊥. Calculating these contributions as the
ratio of the respective Adip derived from the experimental values
in Table 4 and the theoretical anisotropic HF parameters
55.5 MHz and 342 MHz for unit spin density30 one obtains the
values 0.072 and 0.47 for N and Cu, respectively. The total spin
densities on Cu and N atoms of 3B are ﬁnally given in Table 5
together with the values of the closely related complex
[Cu(opba)]2− (6).20 In the case of type I complex 6,
cf. Scheme 1, the CuII ion possesses a planar-quadratic N2O2
environment and is related to 3B by heteroatom-substitution of
one O- to a N(CH3)-donor atom.
In the approach of Morton and Preston30 the spin density on
the N-donor atoms can be estimated irrespective of O-donor
atoms from the HF parameters AN. Its value for 3B amounts to
9.5. It is smaller compared to the value of 14.5 reported for 6.20
In addition, the spin density at CuII for 3B (51) is smaller com-
pared to 6 (54.6). This might be suggestive of the redistribution
of the total spin density between the donor atoms towards the
third N-donor atom present in 3B with no additional “leakage”
from the central metal ion. Indeed, the average spin density per
N- or O-donor atom in 3B, which is estimated in the framework
of the model by Maki and McGarvey,29 remains very close to
the respective values in ref. 20. Consistently with this scenario,
both approaches do not reveal a substantial change of the spin
density at CuII in 3B compared to 6, though in each case the
model of Maki and McGarvey29 yields larger absolute values
than that of Morton and Preston.30 The above comparison indi-
cates that the spin density on the O-donor atoms should be
smaller compared to the N-donor atoms, which reﬂects the less
covalent character of the Cu–O bond with respect to the Cu–N
bond.
It is assumed that the spin density distribution determined for
mononuclear 3B could be correlated with the J value of the anti-
ferromagnetic exchange coupling of trinuclear 5. For the related
trinuclear complex [Cu3(opba)(pmdta)2(NO3)](NO3)·2MeCN (7)
obtained from mononuclear 6, a J value of −89 cm−1 has been
determined.4 As the spin density distributions of 3B and 6 are
similar, one might expect J values for 5 close to that of 7.
Magnetic properties
The temperature dependence of the static magnetic susceptibility
χm = M/H of 5 and the corresponding inverse susceptibility χm
−1
are presented in Fig. 6. The χm
−1(T)-dependence shows a strong
non-linearity at T below 100 K which is typical for an anti-
ferromagnetic interaction between the spins (see, e.g. ref. 35).
The experimental data were ﬁtted on the basis of the following
Hamiltonian using the simulation software package julX:36
H ¼ J12 S1
!
 S2
!
þ J13 S1
!
 S3
!
ð5Þ
Here J12 and J13 denote the exchange integrals between the
central and the terminal CuII spins. The value of J23 (the
exchange integral between the two terminal CuII ions) was
assumed to be negligibly small due to the large distance between
the Cu1 and Cu3 atoms and the large number of orbitals
involved in the corresponding super exchange interaction
between them. The analysis yields the best possible ﬁt with the
values J12 = J13 = −65 cm−1 taking the g factor of 2.10 as deter-
mined from the EPR spectrum (see Fig. S1†), and the Cu spin
values S1 = S2 = S3 = 1/2. Enabling even a small difference
between J13 and J12 of ≤5% decreases the quality of the ﬁt.
A trial to ﬁt to theoretically calculated J values (J12 = −84 cm−1
and J13 = −72 cm−1, vide infra) substantially disagrees with the
experimental data.
The observation of two identical J values for 5′ is at ﬁrst
surprising. According to Kahn,12 the heteroatom-substitution of
one oxygen atom to the less electronegative N(CH3) atom, as
performed for 5′ compared to 7,4 is expected to result in a higher
J12 value compared to that of J13.
To understand that phenomenon, the well-established nearly
linear dependence between J values and τ parameters of homo-
trinuclear CuII bis(oxamato) complexes having tridentate term-
inal ligands, cf. Fig. 7, should be applied.22 According to this
Fig. 6 Temperature dependence of the magnetic susceptibility χ =
M/H and the inverse susceptibility χ−1 for 5′. Symbols represent the
experimental results and solid lines correspond to the ﬁtting results (see
the text).
Table 5 Spin density (in %) for Cu (α2) and N ((α′/2)2) of 3B/6a
α2 b α2 c (α′/2)2 b ρN(s) (α′/2)2 c
68/71 51/54.6 10.5/10.3 2.7/3 9.5/14.5
aValues of 6 were taken from ref. 20. bAccording to eqn (2)–(4).
cValues of 3B according to ref. 30.
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dependence, a larger τ parameter tends to result in an increased
J value. The two τ parameters of 5′ with 0.302 (unit I, J13) and
0.355 (unit II, J12), respectively, deviate from each other by
17.5%. The larger τ parameter is observed for unit II, thus, the
antiferromagnetic exchange coupling via the oxamidate unit
(J12) could be regarded as larger compared to the exchange
coupling via the oxamate unit (J13) of 5′. By applying the
linear J versus τ dependence, cf. Fig. 7, for unit II a J12 value of
ca. −110 cm−1 and for unit I a J13 value of ca. −95 cm−1 can be
derived. The hence assumed difference of J13 versus J12
would then ﬁt to Kahn’s expectation.12 The apparently identical
J values of 5′ should be thus originating from the different
coordination geometries of the terminal CuII ions.
However, the J values derived by applying the J versus τ
dependence are signiﬁcantly larger compared to the experi-
mentally obtained value of 5′.
A possible explanation for the unexpected low J value of 5′
compared to 74 could be drawn from the comparison of the
geometries around their central CuII ions. It has already been
described that the environmental geometry around CuII ions
determines the degree of magnetic exchange coupling for
e.g. dinuclear iminoalkoxy complexes37 and trinuclear CuII-
containing bis(oxamato) complexes as well.20 Related geometri-
cal parameters of the CuN3O coordination unit of 5A compared
to the CuN2O2 one of 7,
4 however, do not show such differences,
which could help to explain the unexpected low J value of 5′.
For example: The deviation of the CuII ions from calculated
mean planes of their surrounding donor atoms amounts to
0.0002(33) Å for 5A and 0.173(2) Å for 7, the Naryl–Cu–Naryl
bond angles (N-donor atoms of the N,N′-phenylene bridges)
amount to 83.1(2)° for 5A and 81.6(2)° for 7 and the Cu–Naryl
bond distances of 5A (1.932(6) and 1.931(7) Å) are identical to
those of 7 (1.930(5) and 1.927(5) Å), respectively.
DFT calculations
The geometry of the dianionic complex fragment 3
([Cu(opooMe)]2−, Scheme 3) has been optimized with quantum
chemical methods speciﬁed in the Experimental section. The
thus obtained bond lengths, bond and torsion angles are given in
Table 1 in comparison with those of crystallographically charac-
terized 3A#, 3Ba and 3Bb. Bond lengths of the CuN3O coordi-
nation unit of 3 are always longer but show otherwise the same
tendency as observed and discussed for 3A#, 3Ba and 3Bb.
Related bond lengths of 3 compared to those of 3A#, 3Ba and
3Bb do not show mentionable differences. However, 3 appears
more planar compared to 3A#, 3Ba and 3Bb (cf. torsion angles
given in Table 1). This effect is most probably due to packing
effects in the crystal structures comprising 3A#, 3Ba and 3Bb.
The spin density distribution and the NBO charges of 3A#, 3Ba/
3Bb and 3 have been calculated. Selected values are given in
Fig. 8. There are, with respect to the values given for the
spin density distribution, slight deviations, e.g. the spin density
on the CuII ions changes from 53.87% (3) to 54.05% (3Ba),
cf. Fig. 8. Most probably this is due to the slightly different
geometries of the [Cu(opooMe)]2− complex fragments. In the
following we will thus refer to the data of 3 only, especially
as these data are nearly intermediate compared to the other
[Cu(opooMe)]2− complex fragments.
The calculated spin density on Cu (53.87%) and the averaged
calculated spin density on the three N-atoms of 3 (Nˉ = 11.77%)
agree fairly with experimentally obtained results (EPR),
especially with correspondence to the approach according to
Morton and Preston30 (Cu: 51%. Nˉ: 10.5%), cf. Table 5.
As observed for related CuII-containing bis(oxamato) com-
plexes,20 the unpaired electron is mainly localized at the CuII
ion. Furthermore, calculated values of the spin densities on
N (8.80–14.70%) are higher compared to the value on
O (7.72%). This is in principal agreement with reported spin
densities20 and is attributed to stronger Cu–N bonds
(1.942–1.965 Å) compared to the Cu–O bond (1.995 Å). A
precise dependence between the spin density on each N atom
and its Cu–N bond distance is, however, not observed (Cu1–N3
(1.942 Å) < Cu1–N1 (1.957 Å) < Cu1–N2 (1.965 Å) versus spin
density on: N2 (8.80%) < N3 (11.80%) < N1(14.70%). On
the other hand, the spin density on the oxamidate fragment
(Σ = 23.5%, values of N1 and N2) clearly exceeds the spin
density on the oxamate fragment (Σ = 19.52%, values of N3 and
O1) of 3. If any interplay between the spin density distribution
of the mononuclear [Cu(opooMe)]2− fragment and magnetic
J coupling of the corresponding trimetallic 5′ exists, at least
the calculated value for J12 (magnetic superexchange along the
oxamidate bridge of 5′) should exceed the calculated value for
J13 (magnetic superexchange along the oxamate bridge of 5′).
This is the case, as the calculated value J12 = −84 cm−1 is larger
compared to the calculated value J13 = −72 cm−1. As shown in
Fig. 6, a trial to ﬁt the χm and χmT versus T plot with calculated
Fig. 7 Representation of the J values of 5′ vs. its τ parameters of the
terminal CuII ions in comparison with values of similar complexes.22
Dotted lines are used to indicate the expected J values of 5′ according to
the approximate linear J vs. τ dependence.22
Fig. 8 Selected values of calculated spin population (in bold) and
NBO charges (in grey) of the [Cu(opooMe)]2− complex fragments 3A#,
3Ba, 3Bb and 3.
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J values of 5′ is not serious. But, the two different calculated
J values of 5′ support the assumption, derived via Fig. 7, that J12
exceeds J13. Moreover, τ parameters of unit I and unit II of 5′
have a difference of 17.5%, the difference between J12 and J13
according to Fig. 7 amounts to ca. 17.5% too. The difference
between calculated values of J12 and J13 amounts to 16% and a
difference of 20% is observed for the calculated averaged spin
density on the oxamidate versus the oxamate fragment of 3. This
similarity is striking. It supports the assumption that the spin
density of mononuclear 3 is quite a prediction for the J values of
its corresponding trinuclear complex 5′ on an individual basis,
and that the spin density of monometallic CuII-containing bis
(oxamato) complexes are in interplay with J values of their cor-
responding trinulear complexes in a major context.20
We have to notice again that the absolute quantity of J values
of 5′ (exp: −65 cm−1, calc.: −72 and −84 cm−1) is surprisingly
small when compared to e.g. related 7 (J = −89 cm−1).4 For 5′
J values above ca. −90 cm−1 should be expected.12 When com-
paring related bond lengths and angles of 5′ and 74 and/or the
spin density of their mononuclear precursors 3 and 620 no strik-
ing differences could be observed, vide supra. With respect to
the comparison of the experimentally determined spin density of
3B and 6 according to Morton and Preston, cf. Table 5, it is
questionable whether the difference in spin density on the CuII
ions (3B: 51% vs. 6: 54.6%) and on the N atoms (3B: 9.5% vs.
6: 14.5%) is really signiﬁcant to help to explain the compara-
tively small J value of 5′. That underlines that further studies
are required to investigate the interplay between the spin density
of monometallic bis(oxamato), oxamato/oxamidato and/or bis-
(oxamidato) complexes and the J coupling of the corresponding
trimetallic complexes. Furthermore, more trimetallic bis(oxami-
dato) complexes and their magnetic characterization are needed
to investigate the inﬂuence of the heteroatom-substitution on the
magnetic properties. Such studies should focus, in addition, on
the coordination of the terminal transition metal complex frag-
ments to the monometallic bis(oxamato) entities. For complex 5′
different coordination modes of the [Cu(pmdta)]2+ fragments
to the central [Cu(opooMe)]2− entity have been observed,
cf. e.g. Fig. 3, unprecedented when compared to discrete tri-
metallic bis(oxamato) complexes, vide supra. In order to investigate
that remarkable structural feature of 5′ further, the NBO charges
of its monometallic precursors 3A#, 3Ba/3Bb and 3 have been
calculated and are given for the non-coordinating O atoms
in Fig. 8. A signiﬁcant difference of the NBO charges of the two
O atoms of the oxamate or the oxamidate fragment, respectively,
might help to explain the different coordination modes of the
[Cu(pmdta)]2+ fragments. However, the difference of the NBO
charges of even all O atoms of one speciﬁc [Cu(opooMe)]2−
entity, cf. Fig. 8, is not large enough to draw a reliable
conclusion out of it. In case that for either the oxamate or the
oxamidate fragment of 3Ba the NBO charge of the respective
Oaryl atom is higher compared to the NBO charge of the second
O atom of the same fragment, a preferred tendency of the coordi-
nation mode of the [Cu(pmdta)]2+ fragment could be deduced,
which is, however, not the case.
To investigate whether one and the same coordination mode
of the [Cu(pmdta)]2+ fragments within complex 5′ might have
an inﬂuence on the J coupling a further calculation has been
carried out. Therefore, the geometry of the [Cu(pmdta)]2+
fragment of 5′ comprising Cu2 has been changed to be identical
with the geometry of the fragment comprising Cu3. That is, the
[Cu(pmdta)]2+ fragment on the oxamidate side of 5′ binds now
in the same coordination mode as observed for the oxamate side,
and, for example, the atom O2 occupies now the apical position
of the CuN3O2 unit II, cf. Fig. S6.† The calculation of the
J values of that modiﬁed complex 5′ gives now nearly identical
values with J13 = −76 cm−1 and J12 = −79 cm−1. That
result strongly implies that a different coordination mode of the
[Cu(pmdta)]2+ fragments has a signiﬁcant impact on the mag-
netic properties of 5′.
Experimental section
General methods and materials
All chemicals were purchased from commercial sources and
used as received without further puriﬁcation. NMR spectra were
recorded at room temperature with a Bruker AvanceIII 500 Ultra
Shield spectrometer (1H at 500.300 MHz and 13C{1H} at
125.813 MHz) in the Fourier transform mode. Chemical shifts
are reported in δ (ppm) vs. SiMe4 with the solvent as the refer-
ence signal ([d6]-DMSO:
1H NMR, δ = 2.54; and 13C{1H}-
NMR, δ = 40.45). FT-IR spectra were recorded in the range of
400–4000 cm−1 on a Thermo Scientiﬁc Smart iTR spectro-
photometer. Elemental analyses for C, H and N were performed
on a Thermo FlashAE 1112 series. The diethyl ester of N,N′-o-
phenylene-bis(oxamic acid) (opbaH2Et2, 1)
17 was synthesized
according to a published procedure.
Synthesis ofN-methylmono-oxamide 2 (opooH3EtMe). A solu-
tion of opbaH2Et2 (1, 6 mmol, 1.84 g) in EtOH (50 mL) was
treated with MeNH2 (0.15 g, 5 mmol, 33% in EtOH) under con-
tinuous vigorous stirring. After stirring for a further 30 min, the
white precipitate obtained was ﬁltered off, washed with EtOH
and Et2O and dried in vacuo. Yield: 0.91 g (52%). Anal. calcd
(%) for 2 (C13H15N3O5, 293.28 g mol
−1): C 53.24, H 5.16,
N 14.33; Found: C 53.45, H 5.20, N 14.91. IR: ν = 3259(m),
3306(m), 3351(m) (NH); 1598(m), 1658(s), 1690(m), 1718(s),
(CO). 1H NMR: δ = 1.37 (t, 3H, H1), 2.74 (d, 3H, H13), 4.33
(q, 2H, H2), 7.30 (m, 2H, H7,8), 7.54 (dd, 1H, H9), 7.67 (dd, 1H,
H6), 8.96 (m, 1H, NHCH3), 10.47 (s, 1H, NHAr
10) and 10.57
(s, 1H, NHAr5). 13C{1H} NMR: δ = 13.78 (C1), 26.0 (C13), 62.6
(C2), 125.0 (C8), 125.8 (C7), 125.9 (C9), 126.5 (C6), 129.2
(C10), 130.1 (C5), 155.4 (C12), 158.5 (C11), 160.0 (C4), 160.2
(C3). Fig. S2† gives the 1H, 13C NMR and IR spectra of 2.
Synthesis of [Me4N]2[Cu(opooMe)]·H2O (3A). In analogy to
Ruiz et al.14 to a suspension of 2 (0.29 g, 1 mmol) in MeOH
(50 mL) was added Me4NOH (1.45 g, 25% in MeOH, 4 mmol).
The resulting mixture was stirred at 60 °C for 15 min until com-
plete dissolution. A solution of Cu(ClO4)2·6H2O (0.37 g,
1 mmol) was then added dropwise with stirring. After two hours
the reaction mixture was ﬁltered to remove a ﬁrst crop of [Me4N]-
[ClO4], reduced to ca. 10 mL and MeCN (10 mL) was added to
precipitate the remaining [Me4N][ClO4]. The mixture was
ﬁltered again and treated successively with Et2O (ca. 20 mL)
and acetone (ca. 10 mL) to give a hygroscopic solid, which was
rapidly ﬁltered off, dried under vacuum and stored in a desicca-
tor. Crystals suitable for X-ray crystallographic studies were
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grown diffusion controlled from MeOH solutions of 3A against
Et2O. Yield: 0.37 g (81%). Anal. calcd (%) for 3A
(C19H33CuN5O6, 490.17 g mol
−1): C 46.47, H 6.77, N 14.26;
Found: C 46.31, H 6.59, N 14.18. IR: ν = 3428(b) (OH); 2952
(m), 2877(m) (CH); 1674(m), 1652(m), 1618(s), 1563(s) (CO).
Synthesis of [nBu4N]2[M(opooMe)]·H2O (M = Cu (3B),
Ni (4)). A hot solution (ca. 50 °C) of [Cu2(OAc)4(H2O)2] or
[Ni(OAc)2(H2O)4], respectively, (2 mmol) in MeOH (50 mL)
was added dropwise with stirring to a hot suspension (ca. 50 °C)
of 2 (2 mmol) in MeOH (50 mL). Then, [nBu4N]OH (5.18 g,
40% in MeOH, 8 mmol) was added with continuous stirring.
The resulting mixture was stirred at 60 °C for a further 15 min,
ﬁltered and evaporated to dryness. The resulting oily material
was treated with THF (25 mL) and ﬁltered to eliminate [nBu4N]-
OAc. The desired complex was precipitated by addition of Et2O
(200 mL), ﬁltered and dried in vacuo. Crystals suitable for X-ray
crystallographic studies were grown diffusion controlled from
MeCN solutions of 3B and 4, respectively, against Et2O. 3B:
yield: 1.21 g (74%). Anal. calcd (%) for 3B (C43H81CuN5O6,
827.68 g mol−1): C 62.40, H 9.86, N 8.46; Found: C 62.14,
H 9.77, N 8.29. IR: ν = 3420(b) (OH); 2961(m), 2874(m) (CH);
1669(m), 1652(m), 1612(s), 1567(s) (CO). 4: yield: 1.07 g
(66%). Anal. calcd (%) for 4 (C43H81N5NiO6, 822.83 g mol
−1):
C 62.77, H 9.92, N 8.51; Found: C 62.49, H 10.44, N 8.35. IR:
ν = 3420(b) (OH); 2960(m), 2873(m) (CH); 1675(s), 1647(m),
1614(s), 1568(s) (CO). 1H NMR: δ = 0.94 (t, 24H, Ha), 1.33
(m, 16H, Hb), 1.58 (m, 16H, Hc), 2.20 (s, 3H, H1), 3.17 (t, 16H,
Hd), 6.48 (m, 2H, H6,7), 7.82 (m, 2H, H5,8). 13C{1H} NMR:
δ = 13.46 (Ca), 19.18 (Cb), 23.06 (Cc), 30.09 (C1), 57.54
(Cd),118.0 (C6), 118.2 (C7), 119.5 (C5), 120.5 (C8), 142.8 (C4),
144.5 (C9), 160.7 (C2), 164.8 (C3), 168.8 (C10), 170.8 (C11).
Fig. S3† gives the IR spectrum of 3B. Fig. S4† gives the 1H,
13C NMR and IR spectra of 4.
Synthesis of [Cu3(opooMe)(pmdta)2](NO3)2 (5). To a solution
of 3B (0.49 g, 0.6 mmol) in MeOH (50 mL) a solution of
[Cu(pmdta)(NO3)2] (0.43 g, 1.2 mmol) in MeOH (25 mL) was
added dropwise with continuous stirring. After stirring for an
additional one hour the solution was concentrated to ca. 5 mL
and Et2O (100 mL) was added to precipitate a blue powder.
For puriﬁcation the overlaying solvent mixture was removed
and MeOH (5 mL) was added to dissolve the blue powder.
A mixture of THF and Et2O (4 : 1, 100 mL) was then added to
precipitate 5 as a blue powdered solid. After removal of the
supernatant it was washed twice with the same solvent mixture
(50 mL) and 5 was dried in vacuo. Crystals suitable for X-ray
crystallographic studies were grown diffusion controlled from
MeCN solutions of 5 against Et2O. Yield: 0.49 g (91%). Anal.
calc. (%) 5 (C29H53Cu3N11O11, 922.44 g mol
−1): C 37.76,
H 5.79, N 16.70; Found: C 37.48, H 5.61, N 16.59%. IR: ν =
2967(m), 2921(m) (CH); 1684(s), 1675(s), 1616(m) (CO);
(1383)(s) (NvO). Fig. S5† gives the IR spectrum of 5.
Preparation of diamagnetically diluted single crystals. To a
solution of 4 (100 mg, 0.12 mmol) in MeCN (3 mL) was added
a solution of 3B (1 mg, 1.2 μmol) in MeCN (1 mL) under stir-
ring. After stirring for an additional 24 h in an open round
bottom ﬂask the volume of the mixture reduced to ca. 2.5 mL
due to slow evaporation of the solvent. The remaining mixture
was then transferred to a test tube and the diamagnetically
diluted material allowed to crystallize under diffusion controlled
conditions against Et2O. Several orange coloured and non-hygro-
scopic single crystals of dimensions of ca. 0.4 × 0.2 × 0.2 mm3
could be isolated after several days.
X-ray crystallography
All data were collected on an Oxford Gemini S diffractometer.
For data collection, cell reﬁnement and data reduction the soft-
ware CrysAlisPro was used.38 All structures were solved by
direct methods using SHELXS-97 and reﬁned by full-matrix
least-squares procedures on F2 using SHELXL-97 as part of the
software package SHELXTL.39 All non-hydrogen atoms were
reﬁned anisotropically. All carbon bonded hydrogen atoms were
reﬁned using a riding model. The absolute structure of 3B′ was
established by anomalous dispersion effects with respect to the
absolute structure parameter.40 Furthermore, the atoms C69 to
C72 of one [nBu4N]
+ countercation have been reﬁned disordered
on two positions with split occupancies of 0.598 and 0.402,
respectively. In the case of 4′ the hydrogen atoms of the carbon
atom C2N have been reﬁned as an idealised methyl group dis-
ordered on two positions. The asymmetric unit comprises
furthermore two water molecules, of which one with the oxygen
atom O6 is fully occupied. Its hydrogen atoms were taken from
the difference Fourier maps and reﬁned isotropically. The second
water molecule with the oxygen atom O7 is partially occupied.
The occupation factor has been set to 0.25 after pre-reﬁnement.
Its hydrogen atoms were reﬁned on calculated positions. In
the case of 5′ one NO3
− counteranion with the atoms N12,
O9–O12 has been reﬁned disordered on two positions with split
occupancies of 0.587 and 0.413. Data have been deposited at
the Cambridge Crystallographic Data Centre under the CCDC
deposition numbers 889270 (3A′), 889271 (3B′), 889272 (4′),
and 889273 (5′).
EPR measurements
The measurements of single crystals of diamagnetically diluted
3B in the host lattice of 4 and of liquid solution spectra of 3B,
respectively, were recorded at room temperature on a Bruker
EMX spectrometer operating in the X-band with a modulation
frequency of 100 kHz. Handling of EPR spectra was carried out
using Win-EPR® computer programs,41 spectral simulations
were performed with the Simfonia program.42
Magnetic measurements
Static magnetic susceptibility was measured with a 7 T
VSM-SQUID magnetometer from Quantum Design at a ﬁeld of
1 T in a temperature range 2–300 K. It should be emphasized
that for magnetic measurements compound 5 has been used.
That material has been obtained from crystallization of 5, which
yields 5′, vide supra, comprising MeCN molecules as packing
solvents. In order to ensure the highest possible purity and to
avoid any possible inﬂuence of partially liberated MeCN from 5′
due to storage, single crystals of 5′ were evacuated for ca. 12 h
14668 | Dalton Trans., 2012, 41, 14657–14670 This journal is © The Royal Society of Chemistry 2012
Pu
bl
ish
ed
 o
n 
03
 O
ct
ob
er
 2
01
2.
 D
ow
nl
oa
de
d 
by
 S
LU
B 
D
RE
SD
EN
 o
n 
26
/0
3/
20
14
 1
0:
01
:3
1.
 
View Article Online
and the complete loss of all MeCN has been ensured by an
additional elemental analysis.
Quantum chemical studies
The density functional theory (DFT) calculations on individual,
free molecules were carried out by using revision 2.80 of the
ORCA code.43 The Def2-TZVPP46,47 basis set together with the
B3LYP44 functional was chosen to obtain reasonable accuracy in
our calculations and to have results comparable to previous
investigations.20 We used single molecules isolated from the
measured X-ray data (were available) as input for our calcu-
lations. The counterions were neglected and further geometry
optimizations were carried out using a gradient method. To
check the optimization result the structures were compared to
respective relaxed structures which were initially created from
scratch using a molecular editor. We also compared the results to
single point calculations using the unaltered crystallographic
structures and did not ﬁnd qualitative disagreements. The mag-
netic exchange interactions of the trinuclear complexes were esti-
mated by preparing electronic conﬁgurations that correspond to
ferromagnetic and antiferromagnetic coupling. From the calcu-
lated difference of the total energies one can obtain the J values
for the system as already described.20,45 The spin densities at the
different atoms were calculated from the difference of all electron
density for minority (spin down) and majority (spin up) electrons
followed by a numerical integration within spheres of radius
R centred at the respective atoms. The same information was
obtained by using Mulliken density analysis48 as implemented in
the ORCA code. In spite of giving slightly different numerical
results for the respective absolute spin densities the results of
both methods do agree very well and the same qualitative trends
are observed.
Summary and conclusions
From the ethyl ester of o-phenylene(N′-methyloxamide)(oxamic
acid) (opooH3EtMe, 2) the mononuclear complexes [Me4N]2[Cu-
(opooMe)]·MeOH (3A′), [nBu4N]2[Cu(opooMe)] (3B′), and
[nBu4N]2[Ni(opooMe)]·1.25H2O (4′) could be successfully syn-
thesized and structurally characterized. Complex [Cu3(opooMe)-
(pmdta)2](NO3)2·3MeCN (5′), synthesized from 3B′, is the ﬁrst
reported trinuclear oxamate/oxamidate bridged complex. From
EPR studies of diamagnetically diluted 3B′ in the host lattice of
4′ the components of the g-factor, the tensors of onsite CuA and
transferred NA hyperﬁne interaction have been obtained. From
that the spin density distribution of the [Cu(opooMe)]2−
complex fragment has been determined. The experimentally
obtained spin density agrees fairly with the quantum chemically
calculated one and shows that the degree of its distribution is
higher at the oxamidate (Σcalc: 23.5%) compared with the
oxamate fragment (Σcalc: 19.5%) of dianionic [Cu(opooMe)]
2−.
The magnitude of the experimentally determined magnetic inter-
actions of −65 cm−1 is identical with the interaction of neigh-
bouring CuII ions via the oxamidate (J13) and the oxamate (J12)
bridge of 5′. A magneto-structural correlation according to the
well-described linear J versus τ dependence22 implies with τ para-
meters of 5′ (0.302 and 0.355), J values of J13 = −95 cm−1 and
J12 = −110 cm−1. From DFT calculations two different J values
of 5′ have been derived with J13 = −84cm−1 versus J12 =
−72 cm−1. These results support the assumption that the spin
density of mononuclear 3B′ is a measure of the magnitude of
J values of corresponding 5′. Thus, the higher spin density distri-
bution of 3B′ towards its oxamidate fragment results in a higher
J coupling of magnetically interacting CuII ions of 5′ along that
bridge. That interplay is supported further by the observation
that the spin density distribution of 3B′, by comparing its
oxamate and oxamidate fragments, differs by 20%, and that
the DFT calculated J values of 5′ differ by 16% and that the
J values of 5′ derived from magneto-structural correlations differ
by 17.5%, a similarity which is striking. However, it is surprising
that the magnitude of the J parameter of 5′ (exp: −65 cm−1)
is signiﬁcantly lower compared to J values of related trinuclear
bis(oxamato) complexes as, for example, [Cu3(opba)-
(pmdta)2(NO3)](NO3)·2MeCN (7) with J = −89 cm−1. That
underlines the importance of further studies to elaborate
the interplay between spin density distribution of mononuclear
complexes and magnetic superexchange interactions of their
corresponding trinuclear complexes at least on example of
bis(oxamato) type complexes.
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